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A B S T R A C T

Aerobic granular sludge (AGS) technology holds great promise of becoming the standard for biological waste
water treatment due to its lower energy consumption, small footprint, and high removal efficiency of nutrients 
compared to the conventional activated sludge processes. Different-sized aggregates have been shown to harbor a 
different microbial community composition. The central question is do full-scale AGS wastewater treatment 
plants (WWTPs) select for core microbial communities across different aggregate sizes and how these selected 
organisms differ between the different-sized aggregates. This study analyzed samples from nine geographically 
distributed full-scale AGS WWTPs that consistently perform well in terms of chemical oxygen demand (COD) and 
nutrient (N and P) removal. The main results showed that site-specific conditions highly influence microbial 
composition in smaller aggregates (< 1 mm), while larger granules form stable communities independent of 
WWTP location. Notably, all aggregates contained a small subset of 128–139 core OTUs that were both prevalent 
and abundant across all sizes. These core OTUs include key functional groups such as fermenters, aerobic het
erotrophs, polyphosphate-accumulating organisms (PAOs), glycogen-accumulating organisms (GAOs), and ni
trifiers, which play a crucial role in COD and nutrient removal. Additionally, an enrichment pattern was 
observed, with aerobic heterotrophs dominating in flocs, PAOs in small granules, and GAOs and nitrifiers in large 
granules. This study offers valuable insights into the core microbiome of different-sized aggregates in full-scale 
AGS WWTPs and highlights their potential role in overall system performance.

1. Introduction

Biological wastewater treatment plants (WWTPs) are the most 
widely implemented technology for treating wastewater (Sravan et al., 
2024). They play a vital role in removing pollutants from wastewater, 
safeguarding the environment, and protecting public health (Ali et al., 
2019). The most widely applied biological process in full-scale WWTPs 
is the activated sludge (AS) process, which relies on microbial aggre
gates (i.e., flocs) to effectively remove organic substrates and nutrients 
(N and P) from wastewater (Kim et al., 2019). Numerous studies have 
been conducted on full-scale AS technology to understand the compo
sition and interactions of microbial communities in flocs to improve the 

efficiency and performance of WWTPs (Begmatov et al., 2022; Dueholm 
et al., 2022; Guo et al., 2017; Saunders et al., 2016; Wu et al., 2019). 
However, the aerobic granular sludge (AGS) process has emerged as a 
promising alternative to AS due to its superior nutrient removal capa
bilities and potential reductions of up to 80% in land footprint, 30% in 
energy consumption, and 50% in operational and capital costs (Pronk 
et al., 2015). These advantages have led to a rapid worldwide uptake of 
the technology in the past decade (Ali et al., 2023).

The AGS technology employs constant volume sequencing batch 
reactors with alternating anaerobic/anoxic and aerobic conditions, 
which promote the formation of stable microbial aggregates within the 
reactor (De Kreuk et al., 2005). These aggregates are generally classified 
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as flocs (< 0.2 mm) and granules (> 0.2 mm), with granules comprising 
approximately 80% of the biomass (Ekholm et al., 2022; Pronk et al., 
2015). The difference in aggregate sizes directly influences settling ve
locity during the settling phase, resulting in flocs accumulating in the 
upper layers and larger granules settling at the bottom of the reactor 
(Van Dijk et al., 2022). Consequently, flocs are more frequently dis
charged and exposed to lower substrate concentrations during the 
feeding period, which occurs from the bottom of the reactor (Ali et al., 
2019). In contrast, granules benefit from longer solids retention time 
(SRT) and higher substrate concentrations (Ali et al., 2019). The dif
ference in SRT, substrate concentration, and size-related microenvi
ronments result in unique microbial compositions within each aggregate 
size fraction (Ali et al., 2019; Dueholm et al., 2022; Winkler et al., 2018). 
For instance, flocs in AGS are more susceptible than granules to harbor 
fast-growing microorganisms responsible for chemical oxygen demand 
(COD) removal (Ali et al., 2019; Aonofriesei and Petrosanu, 2007; 
Nielsen et al., 2004). Conversely, granules behave as biofilms supporting 
the coexistence of aerobic and anoxic species through the establishment 
of a concentration gradient of organic substrates, nutrients, and electron 
acceptors (e.g., O2, nitrate, nitrite) (Winkler et al., 2018; Xia et al., 
2018). Moreover, the establishment of concentration gradient, 
enhanced substrate concentration, and extended SRT support the pro
liferation of slow-growing organisms in granules (Dueholm et al., 2022; 
Ali et al., 2019; Winkler et al., 2018). These slow-growing organisms 
include functional groups of bacteria such as nitrifiers, 
polyphosphate-accumulating organisms (PAOs), and 
glycogen-accumulating organisms (GAOs) (Hamza et al., 2018; Winkler 
et al., 2013). Furthermore, granules have demonstrated greater resil
ience against the immigration of microbial communities from influent 
wastewater compared to flocs, suggesting enhanced microbial selection 
and stability (Ali et al., 2019; Dueholm et al., 2022; Winkler et al., 
2018).

Previous microbial community studies of full-scale AGS WWTPs have 
mainly focused on: i) exploring the relative importance of species sorting 
versus immigration from influent wastewater on different-sized aggre
gates over a period of 6 months in a full-scale AGS WWTP in the 
Netherlands (Ali et al., 2019), ii) evaluating granule formation, micro
bial succession, and process performance of a full-scale AGS WWTP in 
Sweden over a period of 490 days (Ekholm et al., 2022), iii) comparing 
the mixed liquor microbial community structure and function between a 
full-scale AGS WWTP and a parallel full-scale AS WWTP in Sweden 
(Ekholm et al., 2024), and iv) evaluating different omic approaches for 
characterizing AGS granules (~2.0 mm) microbiome in three full-scale 
AGS WWTPs in the Netherlands (Kleikamp et al., 2023). Based on the 
literature, it could be hypothesized that each aggregate size in AGS 
enables the selection of a specific core microbial community that is both 
abundant and preserved. However, the validity of this hypothesis re
mains uncertain, particularly across multiple geographical distinct 
full-scale AGS WWTPs. This study aimed to identify the core microbial 
community within different-sized aggregates in full-scale AGS WWTPs 
undergoing stable performance in terms of carbon and nutrient removal. 
This contrasts with previous studies that focused on core analysis in 
geographically distributed full-scale activated sludge (AS) WWTPs 
(Chen et al., 2020; Lin et al., 2023; Saunders et al., 2016; Vestergaard 
et al., 2024). Particularly, this study aims to provide a comprehensive 
understanding of microbial beta diversity between different-sized ag
gregates, identify core microbial communities in different-sized aggre
gates, elucidate the interactions and functional roles of core microbial 
communities, and evaluate their relevance to wastewater treatment 
performance. This information is crucial for AGS WWTP operators to 
develop strategies to enhance system performance.

2. Materials and methods

2.1. Selection of the full-scale AGS WWTPs to sample

The sampling protocol was developed in collaboration with Nereda® 
(Nereda® is a trademark of Royal HaskoningDHV), who facilitated the 
contact and coordination for sampling. The original plan was to sample 
full-scale AGS WWTPs from several continents, however, due to regu
latory constraints in some countries, we focused the sampling campaign 
only on Europe. Currently, up to 63% of full-scale AGS WWTPs world
wide are in Europe. Samples were collected from nine Nereda® AGS 
WWTPs (Dungannon, Cork, Midlands, Utrecht, Swindon, Clon, Man
chester, Inverurie, and Dodewaard), treating municipal wastewater, 
situated across five European countries (England, Netherlands, Scot
land, Northern Ireland, and Ireland). Samples were collected during the 
summer (June and July) where the operating temperature ranged be
tween 17 ◦C to 18.5 ◦C. The nine full-scale AGS WWTPs (Table S1) were 
selected based on their consistently high performance in terms of carbon 
and nutrient removal over the past two years, achieving average 
removal rates of 96% for biochemical oxygen demand (BOD), 95% for 
COD, 96% for nitrogen (N), and 86% for phosphorus (P) (Fig. S1). These 
criteria were essential for identifying core organisms involved in stable 
and effective COD and nutrient (N and P) removal.

2.2. Collection and processing of mixed-liquor samples

For each full-scale AGS WWTP, triplicate influent and mixed liquor 
samples (400 mL each) were collected. The mixed liquor was collected at 
a depth of 1 meter below the surface and 30 min after the start of 
aeration to ensure the samples were uniformly mixed. The samples were 
then filtered using a series of cell strainers with pore sizes of 1 mm, 0.5 
mm, and 0.2 mm (pluriSelect Life Science, Germany) to obtain triplicate 
samples for each biomass fraction: flocs (< 0.2 mm), small granules 
(0.2–0.5 mm), medium granules (0.5–1 mm), and large granules (> 1 
mm). The classification of granule sizes was based on the criteria out
lined in a previous study analyzing different granule sizes in a full-scale 
AGS WWTP (Ali et al., 2019). Each filter was washed with 20 mL sterile 
sodium phosphate buffer after processing each sample. Across the 
sampled WWTPs, the mixed liquor (dry biomass) was composed of 13% 
flocs, 22% small and medium granules, and 65% large granules (Fig. S1). 
All collected samples (n = 135) were immediately stored at − 80 ◦C to 
preserve their quality until DNA extraction.

2.3. DNA extraction, amplicon sequencing library preparation, and 
nanopore sequencing

DNA extraction was conducted using a modified FastDNA Spin kit for 
Soil protocol (MP Biomedicals, USA). For each sample, 500 μL of the 
sample, 480 μL sodium phosphate buffer, and 120 μL MT buffer were 
combined in a lysing matrix E tube. Subsequently, bead beating was 
performed at 6 m/s for 4 cycles of 40 s each (Albertsen et al., 2015). Gel 
electrophoresis using Tapestation 2200 and genomic DNA screen-tapes 
(Agilent, USA) validated DNA product size and purity. Lastly, DNA 
concentration was quantified using the Qubit dsDNA HS/BR Assay kit 
(Thermo Fisher Scientific, USA). The extracted DNA from each sample 
type (i.e., influent, flocs, small granules, medium granules, and large 
granules) for each WWTP were pooled before sequencing (n = 45).

Amplicon libraries for the bacterial 16S rRNA gene variable regions 1 
to 8 (V1–8) were prepared using a custom protocol. Up to 25 ng of 
extracted DNA served as a template for polymerase chain reaction (PCR) 
amplification. Each PCR reaction (50 μL) contained 0.2 mM dNTP mix, 
0.01 units of Platinum SuperFi DNA Polymerase (Thermo Fisher Scien
tific, USA), and 500 nM of each forward and reverse primer in the 
supplied SuperFI Buffer. The PCR was performed with the following 
program: initial denaturation at 98 ◦C for 3 min, 25 cycles of amplifi
cation (98 ◦C for 30 s, 62 ◦C for 20 s, 72 ◦C for 2 min), and a final 
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elongation at 72 ◦C for 5 min. Custom 24 nt barcode sequences were 
used, followed by the primer sequences targeting V1-V8. The forward 
and reverse primers were as follows: [8F] AGRGTTYGATYMTGGCTCAG 
and [1391R] GACGGGCGGTGWGTRCA (Cole et al., 2009; Karst et al., 
2021; Klindworth et al., 2013). The resulting amplicon libraries un
derwent purification using the standard protocol for CleanNGS SPRI 
beads (CleanNA, NL) with a bead to sample ratio of 3:5. The DNA was 
eluted in 25 μL of nuclease-free water (Qiagen, Germany). Sequencing 
libraries were prepared from the purified amplicon libraries using the 
SQKLSK114 kit (Oxford Nanopore Technologies, UK) according to the 
manufacturer’s protocol with the following modifications: 500 ng total 
DNA was used as input, and CleanNGS SPRI beads were used for library 
cleanup steps. The DNA concentration was measured using the Qubit 
dsDNA HS Assay kit (Thermo Fisher Scientific, USA). Gel electrophoresis 
with Tapestation 2200 and D1000/High sensitivity D1000 screentapes 
(Agilent, USA) validated product size and purity of a subset of amplicon 
libraries.

The resulting sequencing library was loaded onto a MinION R10.4.1 
flow cell and sequenced using MinKNOW 23.04.6 software (Oxford 
Nanopore Technologies, UK). Reads were base called and demultiplexed 
using MinKNOW guppy g6.5.7 with the super accurate base calling al
gorithm (config r10.4.1_400bps_sup.cfg) and custom barcodes.

All sequencing data associated with this project are available at the 
National Center for Biotechnology Information (NCBI) under BioProject 
PRJNA1149575. The raw sequencing reads can be accessed via the 
Sequence Read Archive (SRA) with accession numbers provided in 
Table S2.

2.4. Bioinformatic processing

The sequencing reads in the demultiplexed and basecalled fastq files 
were filtered for length (320–2000 bp) and quality (phred score > 15) 
using a local implementation of filtlong v0.2.1 with the settings 
–min_length 320 –max_length 2000 –min_mean_q 97. The SILVA 16S/ 
18S rRNA 138 SSURef NR99 full-length database in RESCRIPt format 
was utilized from QIIME (Quast et al., 2012; Robeson et al., 2020; Yil
maz et al., 2014). Potential generic placeholders and dead-end taxo
nomic entries were cleared from the taxonomy flat file. Entries 
containing terms like ’uncultured’, ’metagenome’, or ’unassigned’ were 
replaced with blank entries. The filtered reads were mapped to the 
SILVA 138.1 99% NR database using minimap2 v2.24r1122 with the ax 
mapont command (Li, 2018), followed by downstream processing with 
samtools v1.14 (Danecek et al., 2021). Mapping results were filtered to 
ensure that the query sequence length relative to alignment length 
deviated by less than 5%. Low-abundance operational taxonomic units 
(OTUs) making up less than 0.01% of the total mapped reads within 
each sample were disregarded as a data denoising step.

2.5. Microbial community analyses

Taxonomic beta-diversity between samples based on country, 
WWTP, and sample type (i.e., influent, flocs, small granules, medium 
granules, and large granules) were calculated using the Bray–Curtis 
(abundance-based) metric with the vegdist function from the vegan R 
package version 2.6–4 (Oksanen et al., 2022). These distances were 
visualized using principal component analysis (PCA) with the ampvis2.1 
R package (Andersen et al., 2018). A heatmap analysis was conducted to 
visualize the abundance of the top 35 most abundant functional genera 
using the amp_heatmap function with normalize = TRUE and min_
abundance = 0.1 parameters from the ampvis2.1 R- package (Andersen 
et al., 2018). Core OTUs and core genera were determined as taxa pre
sent with relative abundance > 0.1% and detected in over 80% of the 
nine sampled WWTPs using the ampvis2 package (Andersen et al., 
2018). Network-based analysis and visualization were performed with 
open-source software Cytoscape v.3.5.148. One-way analysis of vari
ance (ANOVA) was performed using MetaboAnalyst 6.0 (Pang et al., 

2024), and a significance level was considered with p-values ˂  0.05. The 
random forest model parameters included the construction of 1000 trees 
with the ’random seed’ set to ensure reproducibility.

3. Results and discussion

3.1. Different AGS WWTPs have different microbial community 
composition

In total, 45 DNA samples representing influent wastewater and 
various aggregate sizes (i.e., flocs, small granules, medium granules, and 
large granules) from the nine full-scale AGS WWTPs across Europe were 
sequenced, resulting in 3,414,648 non-chimeric, quality-filtered reads 
(Table S3). The microbial community composition of each sample was 
assessed using barcoded amplicons clustered into OTUs at a 97% simi
larity threshold (Saunders et al., 2016). Through this analysis, a total of 
6110 OTUs were identified among all the analyzed samples. Given the 
significant diversity of reads and OTUs, the initial analysis aimed to 
conduct a beta diversity analysis of the nine full-sale AGS WWTPs using 
PCA to uncover the underlying patterns within the microbial commu
nities (Fig. 1 and Fig. S2). It was observed that WWTPs from the same 
country (e.g., Netherlands or Ireland) did not cluster together; instead, 
WWTP-specific clustering was evident (Fig. 1a). This suggests that 
geographical proximity does not dictate microbial community similar
ity. These findings align with previous full-scale AS WWTP research 
based on activated sludge, which underscores the critical role of oper
ational parameters over location in shaping microbial community 
structure (Matar et al., 2017; Vestergaard et al., 2024). When including 
the influent wastewater samples in the PCA analysis, it was observed 
that the influent wastewater samples are distinctly separated from the 
mixed liquor components (i.e., flocs, small granules, medium granules, 
and large granules) (Fig. 1b). The clear separation of influent waste
water samples from the mixed liquor components (Fig. 1b) suggests that 
species sorting induced by the AGS operational parameters and process 
control shapes enrichment patterns by favoring specific microbial 
communities. This supports the idea that immigration introduces 
diverse species that enhance functional diversity, while species sorting 
promotes competitive subpopulations based on nutrient availability and 
operational conditions (Leibold et al., 2004).

Despite the high selective pressure exerted by AGS, the ecological 
dynamics of microbial communities in AGS systems varied significantly 
across aggregate sizes. For instance, smaller aggregates (<1 mm), such 
as flocs and small to medium granules, exhibited a closer relationship 
with the influent microbiome compared to larger granules (Fig. 1b), 
highlighting the increased susceptibility of smaller aggregates to 
immigration from influent wastewater. In contrast, large granules ten
ded to cluster together and far from the smaller aggregates regardless of 
the WWTP (Fig. 1c and Fig. S2). The observed dynamics align with 
previous studies showing that species sorting plays a dominant role in 
shaping larger aggregates, while smaller aggregates (i.e., flocs and small 
to medium granules) are more influenced by immigration (Ali et al., 
2019). Enhanced settling of large granules allows them to utilize the 
readily biodegradable COD during feeding more than smaller aggre
gates, reducing competition for resources and leading to a more selective 
community (Ali et al., 2019; Hamiruddin et al., 2021). Furthermore, 
their extended SRT provides more time for microbial communities to 
mature and stabilize, making large granules more resistant to the in
fluence of new immigrants from the influent (Ali et al., 2019; Hamir
uddin et al., 2021). Collectively, these factors lead to a more selective 
and similar community in large granules across different full-scale AGS 
WWTPs.

3.2. Small subset of highly shared and abundant OTUs observed across 
the nine full-scale AGS WWTPs

The PCA results revealed WWTP-specific clustering patterns (Fig. 1
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and Fig. S2). Therefore, the next objective is to identify the OTUs 
consistently present across different WWTPs and sample types (i.e., 
flocs, small granules, medium granules, large granules). The premise for 
this analysis is that despite WWTP-specific clustering patterns, the 
shared OTUs within the same sample type (i.e., flocs, small granules, 
medium granules, and large granules) across the different WWTPs are 
primarily selected by the AGS operational parameters and process 
control, thereby these shared OTUs play a crucial role in system per
formance and stability. To address this, the frequencies of shared OTUs 
within each sample type and across the nine AGS WWTPs were exam
ined (Fig. 2A). Additionally, the relative abundance of these shared 
OTUs was analyzed to understand their significance within the system, 
with OTUs showing higher relative abundance are expected to exert a 
greater influence on treatment processes (Fig. 2b) (Saunders et al., 
2016).

The frequency analysis revealed a skewed distribution in the occur
rence of each OTU across all sample types, with most OTUs 

predominantly present in a single WWTP. In contrast, the number of 
shared OTUs progressively declined as the number of WWTPs increased, 
with the fewest shared OTUs observed across all nine plants (Fig. 2b). 
Interestingly, the analysis of the relative abundance patterns of the 
shared OTUs revealed an opposite trend compared to the frequency 
analysis, where the relative abundance of shared OTUs increased with 
the increase in the number of WWTPs (Fig. 2b). These analyses reveal 
that each size aggregate contains a large number (1000–2000) of low- 
abundance OTUs that are unique to a specific WWTP. Previous studies 
on full-scale WWTPs based on activated sludge have observed similar 
patterns, with numerous unique low-abundance OTUs specific to each 
WWTP (Matar et al., 2017; Saunders et al., 2016). Research in AGS, AS, 
soil, and groundwater have shown that low-abundance OTUs are pre
dominantly shaped by stochastic factors, with dispersal playing a key 
role in their distribution (Ali et al., 2019; Kim et al., 2013; Richter-
Heitmann et al., 2020; Zhong et al., 2023). Consequently, they may be 
more vulnerable to mass effects and neutral processes, making them 
prone to changes over time (Lindström and Langenheder, 2012; Rich
ter-Heitmann et al., 2020; Zhong et al., 2023). These results suggest that 
variability in microbial community composition across the different 
full-scale AGS WWTPs (Fig. 1) may be largely driven by these unique 
low-abundance OTUs.

It has been reported that low-abundance OTUs in full-scale WWTPs 
based on AS have minimal impact on treatment performance, instead 
acting as microbial ’fingerprints’ that differentiate between facilities 
(Matar et al., 2017; Saunders et al., 2016). In contrast, highly abundant 
OTUs in AS WWTPs have been linked to a selective advantage conferred 
by the treatment process, making them essential for sustaining system 
functionality and resilience in wastewater treatment (Saunders et al., 
2016). In the current study, a small subset of highly abundant OTUs was 
shared by 80% (representing a relative abundance of approximately 
17%) to 100% (representing a relative abundance of approximately 
30%) of the nine AGS WWTPs, indicating that these OTUs were highly 
selected by AGS operational parameters and process control. Therefore, 
focusing on the shared and abundant OTUs in AGS WWTPs provide a 
clearer understanding of the true ecological dynamics among 
different-sized aggregates, rather than examining the entire community.

3.3. Core OTUs are consistently selected in the different-sized aggregates

Shared OTU analysis underscored the relevance of abundant and 
prevalent OTUs within each size aggregate. Therefore, the next step was 
to characterize the core OTUs, meaning those that are abundant (>0.1% 
of relative abundance) and present in at least 80% of the nine full-scale 
AGS WWTPs, as reported in previous studies analyzing full-scale WWTPs 
(Dueholm et al., 2022). The analysis of OTUs across the different-sized 
aggregates revealed species richness ranging from 2559 to 3586 OTUs, 
with core OTUs ranging between 128 and 139 OTUs and accounting for 
50% to 53% of the total relative abundance (Figs. 3a and b). Specifically, 
large granules contained 137 core OTUs, small and medium granules 
had 139, and flocs contained 128 core OTUs, suggesting a stable core 
microbiome persists across varying aggregate sizes. Furthermore, the 
taxonomic distribution of these core OTUs (Fig. 3c) varied across sam
ples, encompassing a spectrum of 8 to 11 phyla, 15 to 21 classes, 28 to 35 
orders, 44 to 50 families, and 54 to 60 genera, with a total of 84 distinct 
genera identified. Notably, the genus level exhibited the greatest di
versity, with most core OTUs successfully taxonomically classified. 
However, the proportion of classified genera was only 73% in large 
granules compared to 82% in flocs and medium granules and 81% in 
small granules, suggesting that larger aggregates host a less well-defined 
taxon.

A comprehensive analysis of the core OTUs in the different-sized 
aggregates, followed by dereplication, identified 229 unique OTUs, 
representing 4% of the total observed OTUs. The 229 OTUs were 
consistently detected across the different-sized aggregates (Fig. S3), 
indicating a significant overlap in microbial composition among the size 

Fig. 1. Principal component analysis (PCA) revealing the beta diversity be
tween the nine full-scale AGS WWTPs based on: A) mixed liquor components 
(flocs, small granules, medium granules, and large granules) in the nine 
WWTPs, B) mixed liquor components and inlet (i.e., influent wastewater) in the 
nine WWTPs, and C) mixed liquor components. IRL stands for Ireland, NIR for 
Northern Ireland, SCO for Scotland, ENG for England, and NL for the 
Netherlands.
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aggregates. To investigate the extent of this overlap, ANOVA was 
employed to discern any distinct enrichment patterns across the 
different-sized aggregates (Fig. 4). Notably, 212 OTUs showed no sig
nificant differences in abundance between aggregate sizes, suggesting 

their selection is likely driven by system-wide selective pressures rather 
than aggregate-specific factors. In contrast, 17 out of the 229 OTUs 
displayed statistically significant differences (p < 0.05) in relative 
abundance across the different-sized aggregates. These OTUs exhibiting 

Fig. 2. Frequency and relative abundance of OTUs across influent, flocs, small granules (SG), medium granules (MG), and large granules (LG) in the nine full-scale 
AGS WWTPs. A) Distribution of OTUs among different WWTPs for each sample type. In other words, it displays the number of OTUs exclusive to individual WWTPs, 
those shared among two to eight WWTPs, and those shared among all plants (i.e., nine plants). B) Relative abundance of OTUs identified in Fig. 2a across different 
sample types throughout the nine full-scale AGS WWTPs.

Fig. 3. Analysis of core and non-core OTUs in the different-sized aggregates. A) Number of core OTUs vs. non-core OTUs. B) Relative abundance of core and non-core 
OTUs. C) Number of core phylum, class, order, family, and genus. SG stands for small granules, MG for medium granules, and LG for large granules.
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significant differences were primarily enriched in larger granules or 
flocs, pointing to distinct microbial communities within these aggre
gates (Fig. 4). Furthermore, a random forest analysis, a supervised ma
chine learning method that constructs multiple decision trees based on 
input data with known classifications, was utilized to predict the size of 
aggregates based on core OTU profiles (Breiman, 2001). The model 
achieved an overall accuracy of 40%. The effectiveness in prediction 
varied across aggregate sizes, reaching 78% for large granules and 67% 
accuracy for flocs, yet there was a 0% success rate in distinguishing 
between small and medium granules. These findings indicate that 
despite extensive microbial sharing and similarity in enrichment pat
terns, subtle differences still allow for the differentiation of large gran
ules and, to a lesser extent, flocs. This is consistent with previous 
microbial composition analyses, where flocs and large granules are 
distinct, while small and medium granules cluster together (Fig. 1).

3.4. Core genera show unique prevalence patterns distinct to each size 
aggregate

The OTU analysis showed the presence of core OTUs across all 
aggregate sizes, though the prevalence or abundance of some OTUs 
differs based on aggregate size. These findings emphasize the need to 
investigate size-specific core genera to understand where certain core 
genera are most likely to prevail. To achieve this, a heatmap was 
employed to illustrate the mean relative abundances of the core genera, 
indicating the presence or absence of each core genus in the different- 
sized aggregates (Fig. 5). Each genus was annotated with potential 
functions according to the MiDAS Field Guide (Fig. 5). A co-occurrence 
network analysis was employed to visualize interactions among the core 
genera of each size aggregate, presenting their potential functions 
through nodes’ color and labels (Fig. 6). A Venn diagram was also 
constructed to illustrate the shared genera patterns among the different- 
sized aggregates (Fig. 6). This approach aims to provide a comprehen
sive view of both the distribution and potential ecological roles of core 
genera across the various aggregate sizes.

Collectively, these analyses revealed that although each size aggre
gate comprises between 54 and 60 core genera, 33 are consistently 
shared across all aggregate sizes (Fig. 5 and 6). This extensive sharing 
underscores the widespread presence of the core microbial community 

across different aggregate sizes, corroborating previous observations 
(Fig. 4) that full-scale AGS WWTPs selectively maintain specific core 
microbial community regardless of aggregate size. More importantly, 
the shared core genera include functional groups such as fermenters, 
aerobic heterotrophs, nitrite reducers, nitrifying bacteria (Ca. Nitro
toga), and PAOs. The shared PAO genera feature Ca. Accumulibacter 
and Tetrasphaera-related PAOs. However, due to the limitations of 16S 
rRNA gene in accurately classifying Tetrasphaera-related PAOs, this 
group could also potentially encompass the genera Knoellia, Ca. Luti
bacillus, and Ca. Phosphoribacter (Ruiz-Haddad et al., 2024; Singleton 
et al., 2022). Furthermore, the remaining OTUs that are not shared 
among all aggregates demonstrated unique patterns distinct to each size 
aggregate. Within large granules, 15 unique genera were identified, 
including the GAO Ca. Competibacter and the nitrifying bacteria Nitro
bacter. However, the functional potential of most other genera unique to 
large granules remains uncharacterized. Additionally, large granules 
shared a small subset of genera with other aggregates, mainly with small 
and medium granules, and these shared genera were predominantly 
involved in carbon removal. Conversely, flocs harbored five distinct 
genera, predominantly aerobic heterotrophs. Most of the other genera 
found in flocs primarily include nitrite reducers and the GAO Micro
pruina, which are also shared with small and medium granules.

The above results suggest that the functional groups responsible for 
N and P removal are predominantly shared across all aggregates (Figs. 5 
and 6). Moreover, the complete functional potential of most core genera 
(31 out of 84) relevant to AGS system, especially in larger aggregates, 
remains largely unexplored (Figs. 5 and 6). This highlights the need for 
further research to fully understand their ecological roles. Metagenome- 
assembled genomes (MAGs) provide a powerful method for uncovering 
the functional capabilities of previously uncharacterized genera, which 
is particularly relevant in complex sludge microbial communities 
(Ruiz-Haddad et al., 2024). For instance, in AGS systems, MAGs have 
facilitated the discovery of novel PAOs within previously unidentified 
genera by revealing their potential for polyphosphate accumulation, 
thereby enabling targeted experiments to validate their phenotypes 
(Singleton et al., 2022).

Previous studies have demonstrated that the presence and relative 
abundance of core organisms are critical in maintaining the stability and 
performance of wastewater treatment processes (Lin et al., 2023; 

Fig. 4. ANOVA analysis of core OTU reads in different-sized aggregates from the nine full-scale AGS WWTPs. This figure presents the results of an ANOVA analysis 
based on core OTU reads from different-size aggregates in the nine full-scale AGS WWTPs. Each dot represents an OTU, and the size of the dot represents the 
statistical significance (p-value) on a log scale. Gray dots represent 212 OTUs that did not show significant differences among size aggregates (p > 0.05), while 
colored dots represent 17 OTUs with significant differences (p ≤ 0.05). The color gradient ranges from yellow (indicating lower differences) to red (indicating higher 
differences). The accompanying table presents the OTU IDs, genus classifications, and aggregate sizes with significant differences, where FL represents flocs and LG 
represents large granules. The green color indicates higher OTU abundance in the specified size aggregate.
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Nielsen et al., 2010; Saunders et al., 2016; Świątczak and 
Cydzik-Kwiatkowska, 2018). The current study, along with previous 
studies, shows that these core communities are enriched with key 
functional groups, such as PAOs, GAOs, and nitrifiers (Lin et al., 2023; 
Nielsen et al., 2010; Saunders et al., 2016; Świątczak and 
Cydzik-Kwiatkowska, 2018). Additionally, artificial neural network 
models in AS systems have identified the presence and relative abun
dance of these functional groups as reliable biomarkers for predicting 
WWTP performance (Liu et al., 2023). Therefore, the core genera 
identified in our study could serve as biomarkers for assessing and 
predicting WWTP stability and performance. To validate this concept, 
future research should focus on larger datasets that compare the core 
microbial communities in well-performing and poorly-performing AGS 
WWTPs. Such studies would be essential for enabling WWTPs operators 
to monitor community dynamics effectively and devise strategies to 
maintain optimal treatment performance. This can be achieved through 
on-site 16S rRNA gene amplicon sequencing using platforms such as the 
Oxford Nanopore MinION, which provides a portable and real-time 
monitoring of microbial community dynamics (Latorre-Pérez et al., 
2020; Leggett et al., 2019). This technology enables a detailed analysis 
of changes in the composition and abundance of core organisms, offer
ing more accurate predictions of system stability and performance shifts.

3.5. Key functional groups are enriched in specific aggregate sizes

The analysis aimed to elucidate the enrichment patterns of key 
functional groups across different-sized aggregates (Fig. 7). To achieve 
this, the data was divided into two components: total genera, comprising 

all functional genera (i.e., both core and non-core) identified across 
samples, and core genera, including only the genera belonging to the 
core community. The relative abundance of each genus within a func
tional group was then summed to determine the total relative abundance 
of each functional group in both the total and core genera, allowing for a 
comparison of relative abundance and enrichment patterns between 
them. The analysis focused on three functional groups: PAOs (e.g., Ca. 
Accumulibacter, Dechloromonas, Microlunatus, and Tetrasphaera-related 
PAOs), GAOs (e.g., Defluviicoccus, Ca. Competibacter, Micropruina, and 
Contendobacter), and nitrifiers (AOB such as Nitrosospira and Nitro
somonas, and NOB such as Nitrospira, Nitrotoga, and Nitrobacter) 
(Dueholm et al., 2022; Ruiz-Haddad et al., 2024). It is important to note 
that these findings may not be generalizable to all nine AGS WWTPs, as 
the microbial composition within each size aggregate has been observed 
to vary across different WWTPs (Fig. 1C). Nevertheless, this approach 
can still uncover functional group preferences specific to certain 
aggregate sizes.

The relative abundances of functional groups, including PAOs, 
GAOs, and nitrifiers, exhibited consistent patterns across different-sized 
aggregates, irrespective of whether the analysis focused solely on core 
genera or included the entire community (i.e., core and non-core) 
(Fig. 7B-E). Most of the relative abundances within the functional 
groups were attributed to the core genera, while non-core functional 
genera contributed only minimally. Consistent with previous findings 
(Fig. 6), all functional groups were present across all size aggregates, 
though certain functional groups exhibited higher relative abundances 
in specific size aggregates. Most relative abundances were attributed to 
core genera, while non-core functional genera contributed minimally. 

Fig. 5. Heatmap of the relative abundances of core genera across the different aggregate sizes. The heatmap is complemented with information on the presence or 
absence of core genera in the different aggregate sizes. Additional information on functional potential is included, with data from the MiDAS database for carbon- 
related metabolism, nitrification, and denitrification. Key functional groups such as glycogen-accumulating organisms (GAOs), ammonia-oxidizing bacteria (AOB), 
nitrite-oxidizing bacteria (NOB), and polyphosphate-accumulating organisms (PAOs) are also highlighted. SG stands for small granules, MG for medium granules, and 
LG for large granules.

Fig. 6. Microbial co-occurrence analysis of core genera across aggregate sizes. Nodes represent genera and are color-coded by their reported functions. The node size 
reflects the degree of uniqueness of genera to specific aggregate sizes, with the largest node size indicating genera common across all aggregate sizes. Edge colors 
denote the source of the genera: flocs (FL), small granules (SG), medium granules (MG), and large granules (LG). Additionally, the Venn diagram summarizes the 
shared genera among the four aggregate sizes observed in the genera-network analysis. The numbers in brackets represent the number of classified core genera in 
each aggregate size.

L. Ruiz-Haddad et al.                                                                                                                                                                                                                          Water Research 274 (2025) 123036 

8 



Tetrasphaera-related PAOs were the most abundant functional group in 
all size aggregates, with the highest enrichment observed in granules 
compared to flocs. Ali et al. (2019) reported an even distribution of 
Tetrasphaera across different granule sizes and a significant enrichment 
of PAOs, primarily Ca. Accumulibacter, in larger granules. However, 
findings in the current study show higher enrichment of PAOs in small 
granules compared to medium and large granules. This increased 
abundance of PAOs in smaller granules (0.2–0.6 mm) could be explained 
by their higher surface-to-volume ratio, which enhances aerobic phos
phorus removal and reduces competition with GAOs (Nguyen Quoc 
et al., 2021a). Additionally, the Tetrasphaera dominance over Ca. 
Accumulibacter in the current study may be attributed to the ability of 
Tetrasphaera to utilize a broader range of substrates (Herbst et al., 2019; 
Singleton et al., 2022).

The functional groups GAOs, NOB, and AOB were predominantly 
enriched in large granules, consistent with the presence of core genera 
such as Nitrospira, Nitrosomonas, and Ca. Competibacter. This enrich
ment aligns with previous studies and is likely driven by the longer SRT 
in large granules, which support the growth of these slow-growing or
ganisms. Additionally, oxygen gradients have been shown to promote 
synergistic interactions within granules, with AOB proliferation occur
ring in the surface layers, where highly aerobic conditions prevail, while 
NOB and GAOs are favored in the deeper, more anoxic layers 
(Guimarães et al., 2017; Layer et al., 2019; Nguyen Quoc et al., 2021a, 
2021b; Weissbrodt et al., 2013). Furthermore, the increased substrate 
availability in large granules may benefit these genera, which have 
limited substrate uptake capacity, particularly as they rely on diffusible 
substrates such as volatile fatty acids (VFAs), ammonia, and nitrite that 
can permeate the biofilm (Cai et al., 2018; Guimarães et al., 2023; Layer 
et al., 2019; McIlroy et al., 2014).

A genus-specific selection pattern was observed for GAOs, with 
Micropruina being more prevalent in smaller aggregates (< 1 mm), while 
Ca. Competibacter predominated in larger granules. This pattern may be 
due to the preference of Ca. Competibacter for VFAs, which are more 

concentrated at the bottom of the reactor and can easily diffuse through 
larger aggregates (Ali et al., 2019; Guimarães et al., 2023; Layer et al., 
2019). In contrast, Micropruina, recognized for its ability to utilize a 
wide range of substrates, particularly carbohydrates hydrolyzed from 
polymers, likely benefits from the increased surface-to-volume ratio of 
smaller aggregates (McIlroy et al., 2018; Nguyen Quoc et al., 2021a). 
Furthermore, the production of fermentative products by Micropruina 
has been reported to provide substrate for PAOs.

Flocs did not exhibit the highest abundance of any functional group. 
They displayed similar relative abundances of AOB, GAOs, and NOB as 
to small and medium granules, and a similar relative abundance of PAOs 
as to large granules. The similarities in enrichment patterns between 
flocs and other aggregates suggest that significant abrasion from larger 
aggregates into floccular structures may be occurring, especially since 
flocs are not expected to access soluble substrates during the feeding 
phase (Van Dijk et al., 2022).

Collectively, these results reveal similar enrichment patterns among 
certain aggregates, indicating the role of AGS parameters and process 
control in selecting for functional groups across all aggregate sizes, 
though specific functional groups consistently remain predominantly 
associated with a particular size aggregate. For instance, aerobic het
erotrophs are more abundant in flocs, PAOs in small granules, and GAOs 
and nitrifiers in larger granules. Despite the fact that some functional 
groups are enriched more in particular aggregate sizes, it is important to 
note that previous studies in AGS have reported discrepancies between 
the relative abundance and activity of different genera, such as Nitro
spira, Ca. Competibacter, and Ca. Accumulibacter (Kleikamp et al., 
2023; Nguyen Quoc et al., 2021a). These findings highlight that relative 
abundance does not always correlate with microbial activity. Therefore, 
future research should focus on quantifying the activity of these func
tional groups in different-sized aggregates using metatranscriptomics 
and metaproteomics (Kleikamp et al., 2023) to better understand how 
enrichment correlates with functional activity in specific aggregate sizes 
and to guide practitioners to augment poorly-performing AGS plants 

Fig. 7. Functional microbial composition across the different-sized aggregates. A-D). Graphs depicting the relative abundances of the functional groups across the 
different-sized aggregates: A) PAOs, B) GAOs, C) NOB, and D) AOB. Each graph features two columns representing the analyzed groups: Total (gray), which en
compasses all functional genera (i.e., both core and non-core), and Core (light blue), which shows the relative abundances of functional genera found exclusively in 
the core.
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with the right aggregate sizes to enhance the activity of certain func
tional groups.

4. Conclusions

• Beta-diversity analysis showed that variability in microbial com
munity composition among aggregates across different WWTPs was 
largely driven by WWTP-specific low-abundance OTUs, whose 
presence is possibly driven by stochastic processes. In contrast, each 
aggregate size consistently harbors a subset of prevalent and abun
dant OTUs.

• 229 OTUs were consistently detected across the different-sized ag
gregates due to the high selective pressure imposed by the AGS 
operational parameters and process control.

• All aggregates contained a small subset of 128–139 core OTUs that 
were both prevalent and abundant across all sizes. The core micro
biome included genera associated with key functional groups 
responsible for fermentation, aerobic heterotrophy, nitrification, and 
P-removal (i.e., PAOs).

• The prevalence of functional groups varied with aggregate size, with 
aerobic heterotrophs dominating in flocs, PAOs being more preva
lent in small granules, and GAOs and nitrifiers being more abundant 
in large granules.
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